From a Corticium rolfsii cDNA library, a clone homologous to other fungal cellobiohydrolase (CBH1 ) genes was isolated using the polymerase chain reaction. In the nucleotide sequence, one 1.6 kb long open reading frame coding for a polypeptide of 530 amino acid residues was detected which showed 64% identity with CBH1 of Phanerochaete chrysosporium. With expression of the 1.8 kb cDNA using the Aspergillus oryzae expression system, we detected microcrystalline cellulose (Avicel) hydrolyzing activity in the culture supernatant. The secreted protein, accompanied by the activity, was 89 kDa by SDS-polyacrylamide gel electrophoresis.
From a Corticium rolfsii cDNA library, a clone homologous to other fungal cellobiohydrolase (CBH1 ) genes was isolated using the polymerase chain reaction. In the nucleotide sequence, one 1.6 kb long open reading frame coding for a polypeptide of 530 amino acid residues was detected which showed 64% identity with CBH1 of Phanerochaete chrysosporium. With expression of the 1.8 kb cDNA using the Aspergillus oryzae expression system, we detected microcrystalline cellulose (Avicel) hydrolyzing activity in the culture supernatant. The secreted protein, accompanied by the activity, was 89 kDa by SDS-polyacrylamide gel electrophoresis.
Key words: cDNA; sequencing; expression; cellobiohydrolase Cellulases, which act synergistically, are composed of cellobiohydrolase, endo-glucanase, and b-glucosidase. Cellulose, which is the most abundant biomass, is yet to be fully utilized.
Corticium rolfsii is known as a``stem rot'' plant pathogen and belongs to basidiomycetes. C. rolfsii has also been known as a strong glucoamylaseproducing basidiomycete. 1, 2) Cellulases of Sclerotium rolfsii, the imperfect stage of C. rolfsii, were studied [3] [4] [5] [6] [7] [8] and revealed that S. rolfsii has a complete set of the cellulase system. Kurosawa et al. 9) demonstrated that a culture supernatant of C. rolfsii AHU 9627 showed much higher cellulase activities than that of Trichoderma reesei QM9414 under the respective optimum cultural conditions. 10, 11) From these indications, C. rolfsii is one of the most promising enzyme producers.
Cellobiohydrolase (EC 3.2.1.91) is the essential component of the cellulase system to hydrolyze cellulose, consisting of both crystalline and amorphous cellulose, su‹ciently. It is indicated that``full-value'' cellulase systems that hydrolyze both amorphous and crystalline cellulose contain cellobiohydrolase, whilè`l ow value'' cellulase systems only hydrolyze amorphous cellulose.
12) Sadana and Patil 8) suggested that cellobiohydrolase seemed to initiate the attack on crystalline cellulose. Among fungal cellobiohydrolases, domain structures consisting of the catalytic domain, the cellulose-binding domain, and the hinge region between these two domains have often been observed. These cellulases have highly conserved amino acid sequences amongst each other, especially in the core region of the catalytic domain and the cellulose-binding domain, suggesting that the genes encoding these enzymes may have evolved from a common ancestral gene. In this study, we have cloned and sequenced the cDNA coding for a cellobiohydrolase (CBHI), which is essential to use cellulose, from C. rolfsii with the polymerase chain reaction, and have comparatively studied the gene structure of the CBH1.
Materials and Methods
Strains and culture conditions. A very strong glucoamylase-producing Basidiomycete, Corticium rolfsii AHU9627, was used. For the puriˆcation of cellulase and for the isolation of mRNA, C. rolfsii was grown in cellulase expression medium containing 1z polypepton, 0.5z yeast extract (Bacto), 0.14z (NH 4 ) 2 SO 4 , 0.03z MgSO 4 ・7H 2 O, 0.03z urea, 0.05z Tween 80, and 0.8z Avicel. Aspergillus oryzae M-2-3 (argB -) was grown in the medium containing 2z dextrin, 1z polypepton, 0.5z KH2PO4, 0.1z NaNO3, and 0.05z MgSO4 ・7H 2 O for preparation of protoplasts. Czapek-Dox agar (Merck) was used for the isolation of arg ＋ recombinants of A. oryzae. Escherichia coli XL1-Blue MRF? strain (Stratagene) was used as a host for rescuing the plas-mid pGEM-T vector (Promega) by transformation and for cDNA library construction. To express CBH1 of the C. rolfsii introduced and to repress cellulase genes of the host A. oryzae M-2-3, we used a glucose-containing medium, GP-M medium, composed of 4z glucose, 2z polypepton, 0.5z KH2PO4, 0.1z NaNO3, and 0.05z MgSO4 ・7H 2 O, adjusted to pH6.0. Growth conditions and manipulations of E. coli were described by Maniatis et al. 13) cDNA synthesis and cloning. C. rolfsii was cultured in cellulase expression medium at 309 C, for 5 days. Cells were collected by centrifugation, resuspended in 5 volumes of Isogen (Nippon Gene), and disrupted by a Polytron. RNA was prepared according to the instruction manual supplied by the manufacturer. Oligotex-dT30 super (Takara Shuzo Co.) was used to isolate poly-(A＋) RNA. The cDNA library was constructed using a ZAP-cDNA Synthesis Kit and Gigapack Gold packaging extract (Stratagene). Ampliˆcation of the DNA fragments encoding the catalytic domain of the C. rolfsii CBH1 cDNA gene was done by the polymerase chain reaction (PCR) using a set of degenerate primers for the CBH1 gene, which consisted of a forward primer CF-1; 5?-CICTGAGATGGATATCTGGG-3? and a reverse mix primer CR-1; 5?-TAIGRGTTGAARTC-GCAGCC-3? (R indicates adenosine or guanosine), using the C. rolfsii cDNA library as a template. Those primers were designed from the amino acid sequence conserved among the catalytic domains of known cellobiohydrolases. For the cloning of cDNA by PCR, Takara LA Taq (Takara Shuzo Co.) polymerase was used. The reaction mixture was incubated in a Gene Amp PCR system model 2400 (Applied Biosystems) for an initial denaturation at 939 C for 1 min followed by 30 cycles of 939 C for 1 min, 429 C for 1 min, and 729 C for 2 min. The PCR product ampliˆed with CF-1 and CR-1 was cloned into the pCRII of TA Cloning System according to the manufacturer's instructions (Invitrogen).
Cloned sequences were labeled with the Taq Dye Deoxy Terminator Cycle Sequencing Kit. Labeled samples were sequenced with a 373A DNA Sequencer (Applied Biosystems).
Southern hybridization. Two micrograms of the genomic DNA digested with restriction enzymes were put on a 0.7z agarose gel for electrophoresis, then blotted onto Hybond-N ＋ (Amersham). 13) The PCR DIG Probe Synthesis Kit (Boehringer Mannheim) and the DIG High Prime DNA Labeling and Detection Starter Kit II (Boehringer Mannheim) were used for labeling the probe and for detecting signals respectively. Prehybridization and hybridization was done according to the supplier's instructions (Boehringer Mannheim).
Nucleotide sequence analysis. Sequence analysis was done with Gene Works release 2.45 (Teijin).
Construction of expression plasmid and transformation of A. oryzae. A. oryzae M-2-3 14) and the expression vector pBPT, which consists of pBluescriptII SK(-) (Stratagene), promoter and terminator region of pgkA gene 15) and A. nidulans argB gene as a selectable marker, were kindly donated by Dr.
Kitamoto. An XhoI site was introduced into the EcoRI site between the pgk promoter and the pgk terminator of pBPT by ligating an EcoRI-XhoI linker (5?-AATTCTCGAG-3?) and EcoRI digested pBPT. The resulting plasmid was named pBPTX.
The transformation procedure was as described by Gomi et al.
14)
Enzyme assay. The protein expressed in the culture supernatant was put on an Econo-Pac 10DG column (Bio-Rad) equilibrated in sodium phosphate buŠer (pH 5.8) and eluted with the same buŠer, as described by the manufacturer. The enzyme activities toward Avicel were measured as described by Yamanobe et al.
16) The reducing sugar formed was measured as glucose by the Somogyi-Nelson method. 17) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done as described by Laemmli. 18) Nondenaturing discontinuous gel electrophoresis and electroelution of protein from stained gel was done as described by Ausubel et al. 19) Activity staining of cellulase in the polyacrylamide gel was done using 4-methylumbelliferyl-b-D-lactoside as the substrate. 20) After 7.5z SDS-PAGE, the gel was washed twice with 2.5z Triton X-100 and soaked in 0.2 M sodium acetate buŠer (pH 4.0) overnight. The gel was set on plastic wrap, and 0.5 ml of 2 mM 4-methylumbelliferyl-b-D-lactoside was added on the gel and wrapped. The gel was incubated at 509 C for 1 hour and the activity was visualized and photographed under UV light.
Results and Discussion
Cloning and sequencing of the cellulase gene We used three steps of PCR to amplify a fulllength cDNA and the outline of this strategy is illustrated in Fig. 1 . Generally, the plaque hybridization method would be used to clone a gene from a cDNA library. We calculated the time required for cloning the CBH1 and estimated that to do both would not take very diŠerent amounts of time. From the data for other fungal CBH1s, the expected size of C. rolfsii CBH1 cDNA was not so long that the PCR error would be avoidable. And preliminary data suggested that C. rolfsii genomic DNA had one copy of the DNA per haploid, homologous to a 0.16-kb fragment mentioned below. So we took this three-step A set of primers (CF-1 and CR-1) was designed from the nucleic acid sequence alignment data of fungal CBHI for theˆrst PCR. From the sequence data of theˆrst PCR product, CR-2 primer was designed and used for the second PCR with T3-primer as a counterpart. The sequence data of the second PCR product was used to make CF-2 primer, and the full length C. rolfsii CBHI cDNA was ampliˆed with T7-primer. PCR method containing the touchdown PCR method and direct sequencing for the PCR product.
A multiple alignment computer analysis (Gene Works) was done toˆnd conserved segments of the nucleic acid sequence within the catalytic domain of the CBH1 (Fig. 2) . From the consensus sequences, one set of primers, CF-1 and CR-1, was designed and used to amplify the corresponding sequence from the cDNA library of C. rolfsii. A 0.16-kb product was ampliˆed, rescued in pCRII, and sequenced. Based on this sequence data, a new reverse primer, CR-2; 5?-CAGCGGCGTACTTGTTTG-3?, was designed and used with the T3 primer for a touchdown PCR experiment 21) using the cDNA library as a template DNA. During theˆrst 15 cycles of the touchdown PCR, the annealing temperature was lowered 19 C at a cycle from 669 C to 529 C, then the annealing temperature wasˆxed at 669 C for the remaining 25 cycles. The 0.9-kb product was detected and recovered from the 1z agarose gel. The fragment was inserted into the pGEM-T vector using a pGEM-T Vector System I (Promega), and the resulting plasmid was introduced into E. coli XL1-Blue MRF?. The fragment was sequenced using the custom primer walking method. From this sequence, a new forward primer, CF-2; 5?-CGGTTTTCGAGAAAATGTTC-CC-3?, was designed and used with T7 primer for a touchdown PCR as mentioned above. The 1.8-kb product was ampliˆed and sequenced directly, using the custom primer walking method. The nucleotide sequence and its deduced amino acid sequence (Fig. 3) of the cDNA showed high homologies to those of known fungal CBH1s, indicating that the cDNA codes for C. rolfsii CBH1 consisting of 530 amino acid residues (including a signal peptide) had a calculated molecular weight of 55.3 kDa. Part of the PCR product was cloned into the pGEM-T, and resulting plasmids, the 1.8-kb insert DNA of which had a sole XhoI site in one end and a Sal I site in the opposite end, were selected. One of the 4 selected plasmids had the identical nucleotide sequence to the direct sequencing data, and it was named pCRCEL.
From the deduced amino acid sequence alignment of the C. rolfsii CBH1 with other fungal Numbers indicate positions in the deduced amino acid sequence and other fungal CBHIs, with 1 corresponding to the putative methionine. Dashes within sequences indicate gaps giving optimal alignment. Asterisks within sequences refer to identical residues. Underlined amino acid sequences corresponded to Ser-Thr rich``hinge'' domains. Deduced amino acid sequences of the cDNA, CrCBH1; P. chrysosporium CBHI (P13860), PcCBH1; P. janthinellum CBHI (Q06886), PjCBH1; H. grisea CBHI (P15828), HgCBH1; T. reesei CBHI (P00725), (TrCBH1); and N. crassa CBHI (P38676), NcCBH1; are aligned using the SWISS-PLOT program. Accession numbers in SwissProt database are presented in the parentheses. Two Glu residues in the catalytic center are marked by solid boxes. Four aromatic amino acids are indicated by open boxes, two Gln residues by solid triangles, and the four conserved Cys residues by open circles.
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Cloning of a Cellobiohydrolase Gene from C. rolfsii CBH1s 20, [22] [23] [24] [25] (Fig. 4) , it was clear that the C. rolfsii CBH1 consists of the catalytic domain, the serinethreonine rich``hinge'' domain from Ser 449 to Ser 492 , and the cellulose-binding domain from Pro 493 to Ala 530 . The catalytic domain (55.1z¿66.7z identity) and the cellulose-binding domain (39.0z¿68.3z identity) was well-conserved among the CBH1s. These results indicate that C. rolfsii CBHI also belongs to family 7 (cellulase family C) of the glycosyl hydrolases. 26) Also, the percent homologies of the entire deduced amino acid sequence of C. rolfsii CBH1 to those of other fungal CBHIs (Fig. 4) showed around 50z identity (64z with Phanerochaete chrysosporium CBHI, 25) 54z with Penicillium janthinellum CBHI, 20) 53z with Humicola grisea CBHI, 22) 53z with Neurospora crassa CBHI, 23) and 51z with Trichoderma reesei CBHI 24) ). The region from Leu 140 to Ala 240 within the catalytic domain was especially well conserved among the CBH1s (62.0z¿75.0z). Two glutamic acids (Glu 229 and Glu 234 ), which are supposed to be essential for catalytic activity in T. reesei CBHI, 27) were also conserved in C. (Fig. 3) . A deduced signal peptide sequence was found in the Nterminus from Met 1 to Ala 18 with (Kyte-Doolittle) hydropathy value analysis. The protein was calculated to be 53.5 kDa, when it was cleaved and secreted.
Expression of the C. rolfsii CBH1 gene To verify the cellulolytic activity of the cDNA product, the gene was introduced into A. oryzae M-2-3 with a pBPTX plasmid. The pCRCEL was digested with Sal I and a XhoI, Sal I site was derived from the vector plasmid pGEM-T and the XhoI site was from the vector of the cDNA library, then the 1.8-kbp fragment containing cDNA was isolated. The fragment was ligated into pBPTX cut with XhoI. A clone which has C. rolfsii CBH1 cDNA with the same orientation as the pgkA promoter and the pgkA terminator of the vector plasmid was selected and named pCRCBH.
A. oryzae M-2-3 was transformed with pCRCBH and Arg ＋ transformants were selected on CzapekDox plates. Three pCRCBH transformants and two pBPT transformants were grown in GP-M medium for 3 days at 309 C. After the incubation, we put the culture supernatant on a gelˆltration column to remove the remaining reducing sugar (glucose), which interfere with the Somogyi-Nelson method. Those samples of pCRCBH transformants showed Avice- lase activity (0.016, 0.017, and 0.122 unit per 1 ml culture supernatant), while no signiˆcant activities were observed in those of pBPT Arg ＋ transformants. The reason of the diŠerence in the activity has not been examined, but it might be ascribed to the site of the genome where pCRCBH was integrated. One clone which showed the highest cellulase activity was used in the experiments below. Southern hybridization of the recombinant A. oryzae genomic DNAs were done, and the integration of the C. rolfsii CBH1 cDNA was also detected (Fig. 5) . SDS-PAGE was done out with culture supernatants of those transformants. A 89-kDa band, which was not expressed in the culture supernatant of the control strain, was detected (Fig. 6) . It also showed that this transformant mainly produce the 89-kDa protein and did not produce many kinds of extracellular proteins in these growth conditions. Detection of cellulase activity in the culture supernatant of A. oryzae transformants was also done by cleavage of 4-methylumbelliferylb-D-lactoside in the SDS-PAGE gel (Fig. 7) . The 89-kDa protein, boiled 5 minutes in sample loading buŠer without 2-mercaptoethanol, showed ‰uores-cence in the SDS-PAGE gel after soaking the SDS out (lane 2). The same protein, boiled with 2-mercaptoethanol, did not retain its cellulase activity (lane 1). These data suggested that this CBHI had the thermostable feature, but reducing and reoxidizing the S-S bonds inactivated it. This inactivation might be due to the overglycosylation mentioned below, for excessive sugar chains impeded refolding properly.
Since the deduced size of the cDNA translate was 53.5 kDa without a signal peptide, we assumed that the protein expressed in A. oryzae transformants was The same culture supernatant of the A. oryzae pCRCBH transformant as Fig. 6 was electrophoresed on nondenaturing discontinuous 12.5z polyacrylamide gel. After the protein was stained with Coomassie Brilliant Blue (CBB), a major band was cut out from the gel and the protein was eluted electrophoretically from the gel. Ten micrograms of the protein was boiled with (lane 1) or without (lane 2) 2-mercaptoethanol, respectively, and put on 7.5z SDS-PAGE. Panel A shows activity staining of cellulase as described in Materials and Methods. After the photography, the gel was stained with CBB and was photographed as panel B. The activity staining data was overlaid on CBB staining data (panel C).
highly glycosylated at three putative N-glycosylation sites. To conˆrm the 89-kDa protein was the product of the cDNA, the amino acid sequence at the N-terminus was analyzed with Edman degradation. The 5 amino acids analyzed were Glu-Ile-Gly-Thr-Asn, identical to the deduced amino acid sequence from the 20th to 24th. Thisˆnding indicates that the sequence from Met 1 to Gln 19 was a signal sequence, not from Met 1 to Ala 18 as we expected. Considering this 89-kDa protein had cellulolytic activity and the N-terminal amino acid sequence was identical to the deduced amino acid sequence, we concluded that C. rolfsii CBH1 cDNA encoded the cellobiohydrolase.
Extensive study has been done on the adsorption and hydrolysis modes of exo- 29, 30) and endo-type cellulases from Irpex lacteus for cellulose with diŠerent crystallinities. 31) It was found that endo-glucanase from I. lacteus did not have preference for amorphous regions of the cellulose, and exo-type cellulase had more a‹nity to low crystallinity regions than endo-type cellulase. Thoseˆnding suggested that more comprehensive study must be done to understand the synergistic nature of cellulase systems. We showed here some properties of a cellobiohydrolase cDNA from the basidiomycete C. rolfsii. Since the deduced amino acid sequence of C. rolfsii CBH1 cDNA had signiˆcant homology with the exo-type cellulase (Ex-1) of I. lacteus 30) (63.2z), endoglucanase of C. rolfsii needs to be studied and compared with I. lacteus cellulases in the future.
